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ABSTRACT
A ring-diagram analysis technique has been applied to a region of the Sun of about 15 deg2 area close
to the disk center at dates chosen for several solar rotations in 1996 : April 5, May 1, May 28, June 27,
July 23, August 20, August 21, and September 18. The horizontal velocity Ñows inferred directly beneath
the solar surface have thus been obtained for the same region of the Sun at the given dates. The data
have been obtained at the Observatorio del Teide and the Tashkent stations with the Taiwan Oscillation
Network (TON), consisting of 1080 ] 1080 pixel Ca II K-line intensity images. The stability of the
results, the stability of the method, and the possible temporal evolution of the subsurface Ñows have
been studied from the results. A rotation curve for the di†erential radial solar rotation down to the Ðrst
27 Mm of depth at the equator is also suggested and qualitatively compared to results obtained by other
authors.
Subject headings : convection È Sun: evolution È Sun: oscillations
1. INTRODUCTION
The ring-diagram analysis technique is designed to esti-
mate the amplitude and direction of possible horizontal
velocity Ñows present from directly beneath the solar
surface down to the upper convection zone. This technique,
based on a local approach of the solar oscillations for rela-
tively high-degree modes (lº 190) starts by performing a
plane-wave decomposition of the oscillations, producing in
this way a power spectrum in three dimensions : (thek
x
, k
ytwo horizontal components of the vector wavenumber k),
and u (the temporal frequency). In the presence of horizon-
tal velocity Ñows, the frequencies of the modes will be
Doppler-shifted because of the advection e†ect of the wave
front by the horizontal velocity Ñows :
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where U is the horizontal velocity Ñow and and areU
x
U
ythe heliographic longitudinal and latitudinal components.
By measuring the shifts of the frequencies in the power
spectrum, an estimate of the two components of the hori-
zontal Ñows can be obtained for a set of modes. This infor-
mation is then inverted and translated to velocity as a
function of depth, which is the Ðnal goal of this technique.
This method, created originally by has beenHill (1988),
applied and modiÐed in several ways for improvement and
testing purposes et al. Patro n et(Patro n 1994 ; Haber 1995 ;
al. Herna ndez et al. The inten-1995, 1997 ; Gonza lez 1998a).
tion of this article is to understand more about the stability
or temporal evolution of the horizontal Ñows present
beneath the solar surface. At the same time, this experiment
can tell us a little more about the stability and reliability of
the ring-diagram technique itself by studying the same
region at di†erent dates, although care must be taken when
interpreting the results.
1 Taiwan : M.-T. Sun, H.-K. Chang, H.-R. Chen, S.-J. Yeh, and H.-T.
Tang ; IAC, Spain : A. Jime nez and M. C. Rabello-Soares ; Beijing :
G. Ai and G.-P. Wang ; Big Bear : P. Goode and W. Marquette ; and
Uzbekistan : S. Ehgamberdiev and S. Khalikov.
2. DATA SETS AND REDUCTION
The data used in this article have been obtained with the
TON (Taiwan Oscillation Network) instrument installed at
two sites : the Observatorio del Teide (Canary Islands,
Spain), and the Tashkent station (Tashkent, Uzbekistan).
They consist of 1080] 1080 pixel intensity images taken in
the Ca II K line every 60 s. The resolution of such data is
about at disk center, or 1378 km. A complete descrip-1A.9
tion of the instrument can be found in et al.Chou (1995).
Dates for the observations were distributed to ensure that
the selected region at the solar surface was as close as pos-
sible to the disk center for several solar rotations. The selec-
ted dates are 1996 April 5, May 1, May 28, June 27, August
20, August 21, and September 18 at the Observatorio del
Teide, and 1996 July 23 at Uzbekistan (the second station
was used because no data for this set were available from
the Teide station for this date). The elapsed time between
dates was about the time of one solar rotation, between 26
and 30 days in these data sets. Data were also taken on two
consecutive days (August 20 and 21) for testing purposes.
From now on, the selected data sets will be denoted D1
through D8, the number increasing with time (D1 being the
set from the starting date, April 5, and D8 being the set from
the last date, September 18). For each date, a time series of
512 minutes of data images has been selected. The size of the
selected region is about 14.5 deg2 (128 ] 128 pixels) and is
centered on the solar equator in latitude, its Carrington
longitude being The actual areas and positions of the29¡.17.
sections studied in the middle of each time interval are rep-
resented in where the position of the center of eachFigure 1,
region is marked with an arrow and the reference number.
All the dashed vertical lines show the limit of a region that
overlaps with another one.
A ring-diagram analysis technique has been applied to
each data set. The selected subrasters have been tracked at
the solar equatorial rotation rate, since they are centered on
the solar equator, to remove the solar rotation. At the same
time they have been remapped into an equal-length great-
circle grid, with a resolution equivalent to that of the center
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FIG. 1.ÈPositions on the solar disk of the selected region at the dates given
of the solar disk of the original images, *x ^ 1378 km in
both axes, south-north and east-west. To Ðlter the images
temporally, a 21 point running mean has been subtracted to
remove low-frequency signals. Finally, a three-dimensional
fast Fourier transform (FFT) has been applied to obtain the
three-dimensional power spectra, two performed in the two
spatial directions and one in the temporal direction. The
results are a total of eight spectra with wavenumber
resolution of *k \ 0.03561 Mm~1 and temporal frequency
resolution of *l\ 32.5521 kHz.
2.1. Ring Fitting
The Ðtting of the three-dimensional power distribution is
one of the most difficult and widely discussed tasks in the
ring-diagram technique. There are several methods (Haber
et al. et al. et al. and1995 ; Bogart 1995 ; Patro n 1995)
di†erent improved approaches to some of them. The
method that we have used here is based on the Ðt of the
frequency distribution of the modes of a Lorentzian proÐle
in three dimensions et al. but it takes advan-(Patro n 1995),
tage of reducing the Ðnal number of parameters in the Ðt
after a prior, more complete Ðt. As a Ðrst step, the following
function is Ðtted to the Ðrst data set :
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where A, !, C, and are, respectively, the amplitudeU
x
, U
yand the half-width at half-maximum, a parameter taking
account of the dispersion relation of the unperturbed fre-
quency and the two components of the hori-[u0\ C(k)1@2],zontal velocity Ñow. The index j runs for every radial order
n considered in the Ðt, with N being the total number of
radial orders under consideration. The background has
been empirically related to the modulus of the vector wave-
number k by means of the parameters and The extentb1 b2.in frequency in every Ðtting step is short enough to ignore
any frequency dependence in this empirical relation for the
background.
Once the parameters have been determined for the whole
set of radial modes and the appropriate ranges in k number,
a set of new parameters is created : and Thesea
kj
, c
kj
, u0kj.are equivalent to A!, and C(k)1@2, respectively, but now
parameterized by the index j for every radial order and the
wavenumber k (remember that, because of the dispersion
relation, given the radial order n and the wavenumber k the
frequency is not a free parameter in the Lorentzian Ðt of a
single peak in the power spectrum). The background is also
parameterized in k and u by The next step is to use allb
ku.these known parameters in the consequent Ðts of the same
region. The following new expression for the Ðtting function
results :
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where we are Ðtting only 2N parameters (the two com-
ponents of the velocity Ñows, and for the number ofU
x
U
y
)
modes under consideration. Generally, only two rings are
Ðtted at a time, so that N \ 2, and the number of param-
eters in the Ðt is 4.
This method is very similar to a previous version (Patro n
et al. where the parameters kept constant in the1997),
second Ðt were calculated with a code implemented at
IRAF as a task of the GRASP package called PEAKFIND
Duvall, & Je†eries Several tests have been(Anderson, 1990).
performed in order to determine how many sections, and of
what kind, can be Ðtted using the Ðrst Ðt of the whole set of
parameters. The results show that this set of parameters is
very dependent on the type of images being taken (intensity,
velocity, di†erent spectral lines), and there is also some
dependence on the latitudinal position of the subrasters.
For a set of images taken with the same instrument, and for
time spans between sets at least as long as 6 months, the
same initial parameters can be used for each di†erent helio-
graphic latitude, independently of the longitude (Gonza lez
Herna ndez et al. 1998b).
This procedure has been applied to the eight temporal
series, providing the two horizontal components of the
velocity Ñow for every solar mode under consideration.
These velocities must be understood as the weighted
average over depth of the actual velocity Ñow, with a weight
dependent on the modes. By using an inversion technique in
the next step, the depth dependence of these Ñows will be
estimated.
2.2. Inversions
The inversion method applied to the data consists of a
least-squares piecewise constant Ðt with a smoothness con-
straint applied by minimizing the second derivative of the
velocity distribution. The kernels used in this process have
been obtained from a standard solar model developed by
& Ulrich These kernels, calculated on theBahcall (1988).
basis of a global mode theory, have been adapted to the
local character of the present work by interpolation.
A set of oscillation modes of radial orders n \ 0È8 and
175 ¹ l¹ 800 have been used in the inversion process. The
maximum bottom depth of the data set has been deter-
mined by considering the theoretical relation for the inner
turning point of the waves, r
t
:
c(r
t
)
r
t
\u
L
, (4)
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where is the sound speed at depth andc(r
t
) r
tL \ [l(l] 1)]1@2 Mihalas, & Rhodes(Brown, 1986 ; Cox
Using a tabulated relation between sound speed and1980).
depth (obtained from the same solar model used for the
kernels), the minimum value, is calculated as that corre-r
t
,
sponding to the maximum value of u/L in the whole data
set. This value corresponds to r \ 0.93 R (R being the solar
radius), or 47 Mm of depth. Thus the inversion has been
applied and the depth dependence of the two horizontal
components of the velocity Ñows in the depth range from
the solar surface down to about 47 Mm has been obtained
for the eight temporal time spans. More details on this
inversion technique can be found in Patro n (1994).
3. RESULTS : TIME EVOLUTION OR STABILITY?
The Ðnal results of the inversions are shown in Figure 2.
The eight upper plots correspond to the east-west velocity
component of the Ñows as a function of depth as they evolve
with time. The lower plots correspond to the south-north
velocity component. Time runs from left to right and down-
ward in both sets of plots, labeled by the observation dates.
The sign convention is that of positive velocities from east to
FIG. 2.ÈTwo horizontal velocity components of the Ñows as a function of acoustic depth (solar fractional radius on top) for the eight time spans. The
eight upper plots correspond to the east-west velocity components ; the lower plots correspond to the south-north velocity components. The temporal
average of the eight data sets is overplotted as a reference.
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west (as with the surface rotation) and from south to north.
As a result of the inversion procedure, the depth resolution
is higher in the regions closest to the solar surface. In order
to enhance this resolution in these regions, directly beneath
the solar surface, the depth information has been speciÐed
in the plots by the acoustic depth, q, deÐned by
q\
P
r
R dr
c(r)
, (5)
where r is the solar fractional radius and c(r) is the sound
speed as described above. As a reference, the solar fractional
radius is shown in the upper axis of the plots.
Looking for general behavior in the plots, we note that a
sharp peak is almost always present very close to the solar
surface ; the average depth for these peaks is D990 km in
the east-west Ñows and D790 km in the south-north Ñows.
The orientation of these peaks seems to switch in both com-
ponents after the third solar rotation on June 27. Also, after
this date, the Ñows are slightly more stable than before,
although the general stability of the Ñows is not very appre-
ciable. In general, the east-west Ñows look more stable than
the south-north Ñows.
In order to try to enhance some features of the general
behavior of the Ñows, a temporal average for both com-
ponents has been calculated and overplotted in Figure 2.
The actual average Ñows appear in In the nextFigure 3.
section we will discuss the interpretation of these results. At
this point we will be concerned with their potential
meaning. The average in the south-north direction can tell
us something about possible meridional Ñows beneath the
solar surface. There are not many theoretical or empirical
measurements of such Ñows that can guide us toward any
expected results, but in the case of the east-west Ñows we
know about the di†erential radial solar rotation. Here we
need to remember that in a ring-diagram analysis we
remove the surface solar rotation rate from the data by
means of a tracking procedure, so that the results must be
interpreted as the residual velocity with respect to this rate.
Actually, the east-west Ñows in the results of the inversions
must be the sum of the local Ñows present in the chosen
FIG. 3.ÈTemporal average of the two horizontal components of the
Ñows as a function of acoustic depth, q (lower panel), and solar fractional
radius, r/R (on top).
region and the residual radial di†erential rotation that
remains after removing the solar rotation rate at the surface.
The temporal average of the east-west Ñows over the eight
time spans may represent the stability of these Ñows, and a
great part of this stability will result from the contribution
of the solar di†erential rotation, which we expect to be very
stable.
Looking for similarities between the average and individ-
ual results, the average Ñows also present peaks close to the
solar surface, at D1660 km depth in the east-west com-
ponent and at D880 km in the south-north component. In
the case of the east-west Ñows, this value is quite di†erent
from that obtained as the average position of the individual
peaks (D990 km). In any case, the deviation of the individ-
ual positions from this average is relatively large in most
cases.
4. DISCUSSION
Before discussing the results obtained after the inversion
process, we must consider whether there were any system-
atic e†ects (instrumental, analytic, or solar) on the data
before the inversions or even before the Ðtting process. The
search for systematic e†ects could have been extended to
checks of the power spectra themselves. But this is not a
trivial task, since the magnitude of the Ñows (no larger than
D200 m s~1) is not enough to produce signiÐcant displace-
ments in the features (rings) of the power distribution. The
e†ect of systematics on the power spectra is always redis-
tributed in rings for all the speciÐc oscillation modes,
making difficult its detection at this stage. Both the Ðtting
and the inversion processes act as an averaging tool that
collects all the information redistributed in the power spec-
trum (together with an average of the local instabilities
associated with the reduction process), so that such e†ects
should be more easily detected at this point. In any case,
both the power spectra and velocity-versus-frequency data
have been checked for the appearance of any systematics
that could contribute to the conclusions that follow, and
which have been obtained after the examination of the
velocity-versus-depth results. No clear evidence has been
found in the power spectra or in the velocity-versus-fre-
quency data. The following considerations have been taken
into account on the basis of the Ðnal inversion results.
The results must be interpreted with extreme caution.
What we expected to Ðnd in this work were some general
tendencies, to show either stability in the Ñows or time evol-
ution. The 1 day time span between D6 and D7 (August 20
and August 21) is relevant in this respect : the curves in the
two axes are very similar. If we expect the Ñows not to
change very much during a period of 24 hours, this result
also tells us that the method is somewhat stable. But when
we examine the one solar rotation interval between sets,
sometimes the Ñows are more or less stable (e.g., D6, D7,
and D8) and sometimes they are not (e.g., D3 and D4). This
prevents us from giving clear conclusions about the time
evolution of the Ñows and suggests the necessity of day-to-
day tracking of the regions as long as they appear on the
solar disk in every solar rotation. This would give ““ night
gaps,ÏÏ which we refer to as ““ far-side gaps,ÏÏ in a more con-
tinuous temporal set of results that we hope will be more
easy to interpret. Nevertheless, the variation of the Ñows
during one solar rotation could suggest that the lifetime of
large-scale Ñows (like giant cells, which are not precisely
known) are shorter than 27È28 days.
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TABLE 1
ANGULAR DISTANCE
DATE
DISTANCE D1 D2 D3 D4 D5 D6 D7 D8
Longitude (deg) . . . . . . [3.7 [20.3 [23.2 13.7 [5.4 8.1 21.7 31.4
NOTE.ÈDistance measured in longitude from the center of the CCD image to the position of the
center of each section.
There is a possibility of a systematic foreshortening e†ect
caused by the projection onto the CCD camera plane of the
regions located in di†erent positions with respect to the
center of the CCD solar image, where the foreshortening is
the lowest. In the event of systematic foreshortening, one
would expect certain correlations between positions at
similar distances from the center on both the east and west
sides since the foreshortening is a projection e†ect sym-
metric with respect to the center. At the same time, there
should be no extra correlation between regions located at
very di†erent distances from the center. We will not con-
sider the contribution of the foreshortening in the south-
north direction since the regions are approximately
centered in this direction. The angular longitudinal distance
of the center of every region with respect to the center of the
CCD image in the middle of each time interval is shown in
The center of the CCD image is marked with aTable 1.
white cross in while the position of the center ofFigure 1,
the regions is indicated by an arrow; the farther the region
from this point, the greater the foreshortening.
To estimate this e†ect we have calculated all the com-
binations of SpearmanÏs correlations of the Ñows for date
pairs to isolate the most and the least correlated. The left
panel of shows the results for the east-west com-Figure 4
ponent of the Ñows, which we think is the most a†ected by
foreshortening. The right panel shows the results for a
correlation that weights the two components of the Ñows
together, which will tell us more about the general stability
of the total Ñows. (This correlation was performed by con-
catenating the east-west and south-north components in a
unique data series for every date and then calculating the
correlation of this new combined data set.) TheU
x
-U
ycorrelation value is placed at the intersection of the two
dates considered in every case, and the size of the crosses in
the plots is proportional to the correlation, to help the
recognition of the highest and lowest correlations. As a
reference, the cross corresponding to a correlation of 1 is
also plotted. For negative correlations only a dot is plotted.
Three groups of dates have been selected from both Table 1
and groups 1 and 2, attending to similar absoluteFigure 1 :
angular distances to the center, and group 3, presenting the
most di†erent angular distances to the center. Group 1 con-
sists of date pairs D2-D3, D2-D7, and D3-D7; group 2
consists of date pairs D1-D5, D1-D6, and D5-D6; and
group 3 consists of date pairs D1-D8, D5-D8, D6-D8, and
D1-D3.
Only two of the six pairs belonging to groups 1 and 2 are
correlated (the Spearman correlation is given, followed by
the signiÐcance in parentheses) : D3-D7, with a correlation
of 0.52 (2] 10~5), and D5-D6, with a correlation of 0.71
(2 ] 10~10). The rest have correlations of less than 0.36
(greater than 4 ] 10~4). With respect to group 3, the corre-
lations are high for three of the four pairs : 0.92 (8 ] 10~25)
for D5-D8, 0.61 (3] 10~7) for D6-D8, and 0.60 (4] 10~7)
for D1-D3. The correlation is [0.05 (0.7) for the fourth
pair, D1-D8. This means that the systematic e†ect of fore-
shortening does not a†ect the results, at least to a detectable
level.
The highest correlations for the east-west Ñows occur
over the last four dates, from July 23 to September 18,
although the total temporal span corresponds to only two
solar rotations. The lowest correlation in this group of dates
FIG. 4.ÈCorrelations of the east-west component of the velocity Ñow, (left), and the combined (right) sets for all the possible pairs of dates. TheU
x
U
x
-U
ysize of the crosses is proportional to the correlations. Negative correlations are represented by single dots.
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is 0.71 (2] 10~10). This suggests that the Ñows were more
stable after June 27, at least in the east-west direction. Con-
sidering the combined data set, only four pairs areU
x
-U
ynoticeably correlated (correlation over 0.63) : D3-D7,
D5-D6, D5-D8, and D6-D7. Only the last correlation was
expected, since it corresponds to the two contiguous dates
in August. In general no great conclusions can be obtained
about the temporal evolution of the Ñows from the corre-
lations.
Concerning the average results, we have seen how the
east-west component may give a picture of the di†erential
rotation in the equator. A rough comparison with the Ðrst
results obtained with the Global Oscillation Network
Group (GONG) et al. and with the(Thompson 1996)
Michelson Doppler Imager (MDI) et al.(Kosovichev 1997)
on board the SOHO spacecraft, for the di†erential rotation,
show that for the region covered by our results (the range
the general tendencies are very similar. The0.95[ r/R[ 1)
curves are signiÐcantly di†erent only at the solar surface :
the steep fall in our results over r/R^ 0.998 is not present in
the GONG and MDI results. These two data sets do not
have enough resolution at the solar surface to give the
detailed results obtained with our data set ; one possible
reason for this di†erence may be the fact of observing at
di†erent lines : the TON data consist of the Ca II K line,
whereas the line for GONG and MDI is Ni I. Besides the
inÑuence in the quality of the data that observations in
these two di†erent lines can provide Herna ndez(Gonza lez
et al. a quite important physical di†erence is1998a),
imposed by the formation depth of these two lines : the Ca II
line originates in the chromosphere, while the Ni I line orig-
inates in the photosphere. Keeping this in mind, one can
suggest that the rotation rate found for the range 0.998 [
may be an estimate of the solar rotation rate in ther/R[ 1
Ðrst D700 km of the chromosphere, slower than the solar
Doppler rotation rate (D452 nHz from IfSnodgrass 1984).
this is true, the sharp peaks mentioned in must be situ-° 3
ated precisely at the solar surface, not several hundred kilo-
meters beneath it.
The behavior of the latitudinal Ñows does not suggest any
special feature. In order to give more detailed results, a set
of regions contiguous in latitude should be studied. There is
some suggestion of meridional Ñows in the Sun that rep-
resent a global rather than a local behavior, but we cannot
be conclusive about this with the results obtained with only
one localized data set such as ours. Further work is being
carried out to try to detect such Ñows.
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